The steam-pretreatment on ordered-mesoporous carbon (OMC) catalysts was conducted to improve the catalytic properties for silicon tetrachloride (STC) to trichlorosilane (TCS) conversion. The surface area, pore size and pore volume of OMC were significantly changed as a function of pretreatment temperature. The steam-pretreated OMC at 500 C exhibited the high surface area (∼1476.4 m 2 /g) and pore volume (1.89 cm 3 /g), which leads the highest conversion rate of 10.8% as compared to bare-OMC (4.3%) and the steam-pretreated OMC. The steam-pretreatment on OMC might increase active oxygenated species, which promoted the generation of active sites of C-O-Sifor high conversion of STC to TCS.
INTRODUCTION
For the production of solar grade polysilicon (SoG-Si), the trichlorosilane (TCS, HSiCl 3 in Siemens process is main supplier around 75% of SoG-Si in the world. 1 However, the high production cost of SoG-Si and formation of byproduct like silicon tetrachloride (STC, SiCl 4 are the major problems in Siemens process. In general, SoG-Si is produced from TCS by the chemical vapor deposition (CVD) process and releases STC as a major byproduct, 2 as explained in reaction (1) .
The recycling of byproduct STC as reactant substantiates an alternative way to produce TCS, which could reduce the production cost of SoG-Si. STC recycling processes requires a thermal reaction at high temperatures around 1000 C and high pressures. 1 These high temperature processes face the numerous disadvantages such as the high energy consumption and formation of undesirable * Author to whom correspondence should be addressed. chlorosilane. 1 In this regards, a cost effective and efficient process like catalytic process is necessitate for the conversion of STC to TCS, which operates at low temperature with less impurity. 3 Owing to their porous morphology, high physical and chemical stability, the porous carbon materials have received a great deal of interest in catalytic process, particularly in metal-free catalytic process. 4 Recently, the highly ordered mesoporous carbons (OMC) 5 are extensively applied as catalyst for various applications in catalysis, 6 energy storage 7 and sensing etc. 8 Because of its well-ordered pore structure, high specific surface area and high pore volume. The acids and bases treatments on OMC have reported in the improvement of surface properties of OMC for the utilization of the large molecule reaction. 9 10 In this work, the effect of steam pretreatment on OMC at different temperatures was studied and demonstrated in the catalytic conversion of STC to TCS. The steam pretreated OMC at 500 C showed the high catalytic activity as compared to bare-OMC, steam pretreated OMC at 300 C and 700 C, due to its enhanced high surface area and pore volume, which could allow to create active sites as C-O-Si.
EXPERIMENTAL DETAILS
OMC was synthesized by adopting the reported method elsewhere. 11 For steam pretreatment, the synthesized OMC powder was filled into the U-tube and connected with steam line under N 2 atmosphere. The steam-pretreatment was carried out with three temperatures at 300 C, 500 C and 700 C for 2 h. After completion of steampretreatment, the U tube reactor was cooled under nitrogen gas flow to room temperature and OMC was taken out from the U-tube. Finally OMC materials were reduced at 500 C with H 2 under N 2 Flow. The steam pretreated OMCs at 300 C, 500 C and 700 C were denoted as OMC-300C, OMC-500C, and OMC-700C, respectively. A fixed bed reactor consisting of quartz U tube (length: 450 mm, inner diameter: 25 mm) was used to perform the catalytic hydrodechlorination of STC to TCS over steam treated OMC catalysts. Firstly, the OMC catalyst was put into a fritz plate which was positioned inside a quartz tube and then supplied STC into the reactor tube from a STC saturator under N 2 gas and the temperature of STC saturator was maintained at 25 C by heating bend. The molar ratio of H 2 /STC was maintained to 4 for all catalytic reactions and the flow rate of H 2 /STC and N 2 gas mixtures was remained constant to 463 ml/min. The monitoring of the conversion rate of STC to TCS was done by the gas chromatograph (Model 7890A, Agilent) in every 40 min. Figure 1 shows the plot of conversion of STC to TCS versus reaction time over the steam-pretreated OMC catalysts. A high conversion rate of 10.8% was obtained over the OMC-500C catalyst, whereas the bare-OMC, OMC-300C and OMC-700C catalysts exhibit the low conversion rates of 4.3%, 8.4% and 7.8%, respectively. The dehydrochlorination of STC to TCS over steam-pretreated OMC catalysts was drastically enhanced by two times of bare-OMC catalyst, suggests that the steam-pretreatment on OMC catalyst is crucial to improve the catalytic activity. The high conversion rate over the steam pretreated OMC catalysts could be explained by the catalytic properties such as morphology, surface area, pore volume and surface active sites. Figure 2 shows the field emission scanning electron microscopic (FESEM, Model S4800, HITACHI) images of OMC catalysts before and after steam-pretreatment. The porous nature of OMC is substantially increased after steam-pretreatment of OMC. The OMC-500C displays highly porous surface as compared the bare-OMC, OMC-300C and OMC-700C. However, the agglomeration of particles was seen in OMC-700C, which might be due to the sintering at high temperature. The significant increase in porous morphology of OMC catalysts after the steam-pretreatment could enhance the surface area, porosity and pore volume, which might facilitate the generation of active sites over the surface of OMC and the conversion rate of STC to TCS as well. Table I shows the summary of energy-dispersive X-ray (EDX) spectroscopy of the steam-pretreated OMC catalysts before and after catalytic reaction. The steam treatment on OMC catalyst greatly increases the oxygen (weight %) and decreases the carbon (weight %) element, indicating the generation of active oxygenated species, C-O over the surface of OMC. However, the weight % of O element is again decreased after catalytic reaction, which confirms the participation of oxygenated species for the generation of active sites. Moreover, the existence of Si and Cl in EDX results supports the formation of TCS over the surface of OMC. As compared to other catalysts, OMC-500C catalyst shows the highest amount of Si and Cl elements, suggesting the high production of TCS from the catalytic conversion of STC. Table II summarizes the surface properties of OMC catalysts. Among them, OMC-500C catalyst presents the high surface area of 1476.4 m 2 /g with high pore volume of 1.89 cm 3 /g. As compared to bare-OMC, the steampretreatment on OMC catalyst substantially increases the surface area, porosity and pore volumes. The improved surface properties by steam-pretreatment are due to the generation of surface defects by oxygenated species and structural changes. 12 It is known that the large amount of oxygenated species on catalysts generally results from the high surface area and high pore volume which are responsible for the generation of active sites for the catalytic reaction. 13 In our case, the steam-pretreatment on OMC catalyst at 500 C present the optimized condition for achieving the highly active catalysts with highly porous nature, high surface area and high pore volume. These significant improvements facilitate the formation of Si-O-C active sites, which are beneficial for the metal silicides bond formation on the carbon surface. During the catalytic conversion of STC to TCS, the interaction of STC to carbon surface can be determined by the structural and surface characterizations of OMC catalysts. Figure 3 shows Fourier transform infrared (FTIR) spectra of OMC catalysts after catalytic reaction. Bare-OMC and steam-pretreated OMC catalysts are observed the identical IR bands at ∼3440 cm −1 , ∼1560 cm −1 and ∼1107 cm −1 , representing the O-H, C C and Si-O groups on the surface of OMC, respectively. 14 15 The appearance of Si-O bond is evidenced that the metal silicides form over the surface of OMC catalysts through Si-O bond, which might necessarily facilitate the catalytic conversion STC to TCS. The extent of Si-O bond peak intensity is higher in OMC-500C, which confirms the generation of oxygenated species on the surface of OMC catalyst. This evidence is in agreement with FESEM and EDX results. Thus, OMC-500C catalyst generates high amount of metal silicides on the catalyst surface via the presence of large C-O-Si reaction sites, resulting in the highest conversion rate of 10.8%. The formation of metal silicides was further analyzed by determining Si 2p and Cl 2p X-ray photoelectron spectroscopy (XPS) of OMC-500C after reaction, as shown in Figures 4(a) , (b). Si 2p XPS (Fig. 4(a) ) demonstrated two binding energies at 104.8 eV (strong) and 107.8 eV, corresponding to the O-Si-O and Cl-Si-O 3 groups on the carbon surface. 16 Cl 2p XPS (Fig. 4(b) ) displays the three resolved binding energies at 198.2 eV, 201.1 and 202.8 eV, which are assigned 
RESULTS AND DISCUSSION

CONCLUSIONS
The steam-pretreatment on OMC catalyst significantly enhanced the surface area, and pore volume of OMC as compared to bare-OMC. The catalytic hydrodechlorination of STC to TCS over OMC-500C catalysts showed the highest conversion rate of 10.8% as compare to the bare-OMC (4.3%), OMC-300C (8.4%) and OMC-700C (7.8%) catalysts. XPS results revealed that the steam-treated OMC catalyst after reaction possessed O-Si-O and Si-Cl groups which were crucial for the formation of metal silicide over carbon surface. Thus, the steam-pretreatment on OMC significantly increases the active oxygenated species, which are helpful for the formation of Si-O bond over OMC catalysts, resulting in the generation of active sites for high conversion of STC to TCS through Si-O-C bond formation over OMC surface.
